1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny Yd-HIN

NATTG,

o
R HE

s sy,
D

10

NS

NIH Public Access

Author Manuscript

Published in final edited form as:
Biomaterials. 2010 October ; 31(28): 7266—7274. doi:10.1016/j.biomaterials.2010.06.010.

Self Assembled Bi-functional Peptide Hydrogels with
Biomineralization-Directing Peptides

Mustafa Gungormus?, Monica Branco?, Hanson Fong?, Joel P. Schneider?, Candan
Tamerlerl, and Mehmet Sarikayal”

Mustafa Gungormus: musgun@u.washington.edu; Monica Branco: monica.branco@nih.gov; Hanson Fong:
hfong@u.washington.edu; Joel P. Schneider: Joel.Schneider@nih.gov; Candan Tamerler: tamerler@u.washington.edu;
Mehmet Sarikaya: sarikaya@u.washington.edu

IMaterials Science and Engineering, University of Washington, Seattle, WA

2Chemical Biology Laboratory, Center for Cancer Research, National Cancer Institute-Frederick,
Frederick, MD

Abstract

A peptide-based hydrogel has been designed that directs the formation of hydroxyapatite. MDG1,
a twenty-seven residue peptide, undergoes triggered folding to form an unsymmetrical -hairpin
that self-assembles in response to an increase in solution ionic strength to yield a mechanically
rigid, self supporting hydrogel. The C-terminal portion of MDG1 contains a heptapeptide
(MLPHHGA) capable of directing the mineralization process. Circular dichroism spectroscopy
indicates that the peptide folds and assembles to form a hydrogel network rich in 3-sheet
secondary structure. Oscillatory rheology indicates that the hydrogel is mechanical rigid (G' ~
2500 Pa) before mineralization. In separate experiments, mineralization was induced both
biochemically and with cementoblast cells. Mineralization-domain had little effect on the
mechanical rigidity of the gel. SEM and EDS show that MDG1 gels are capable of directing the
formation of hydroxapatite. Control hydrogels, prepared by peptides either lacking the mineral-
directing portion or reversing its sequence, indicated that the heptapeptide is necessary and its
actions are sequence specific.
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Introduction

A major ongoing challenge in the field of reconstructive and regenerative medicine is the
successful repair or replacement of hard tissue, such as cartilage, bone, and dental tissues,
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which has been lost due to disease, congenital defects or trauma. Autograft tissue is
considered as one of the best sources for the replacement of lost hard tissue. Its use,
however, is limited due to difficulties in harvesting substantial amounts of autologous grafts
with the appropriate shapes.[1] Allografts and xenografts of freeze-dried or de-mineralized
hard tissue have also been utilized for repair; however major limitations exist for these
materials, such as the risk of host immune response and, more importantly, the transfer of
pathogens such as HIV and hepatitis viruses. [2] To overcome the inadequacies of current
tissue repair and reconstruction strategies, a variety of tissue engineering approaches has
been developed and expanded with a focus on utilizing synthetic tissue scaffolds to replace
or regenerate the lost tissue.

Some of the most commonly investigated materials for possible hard tissue scaffolds include
natural materials, such as cornstarch-based polymers [3], chitosan [4], collagen [5], and
natural calcium phosphates [6-8], and synthetic materials, such as calcium phosphates of
inorganic origin [9-10] and synthetic inorganic polymers.[11-12] Many of these scaffolds
have been designed to be mimics of bone, e.g., possessing similar mechanical properties of
the hard tissue. The complexity and highly hierarchical structure of hard tissues, however,
often require tissue scaffolds that provide an architectural support for the cells, as well as
influence and guide the structural properties of the newly formed mineral phase. Soluble
extracellular matrix (ECM) proteins play an important role in this process.[13-15] Therefore,
many of the key proteins thought to regulate bone development have been incorporated
within tissue scaffolds. For example, bone morphogenetic proteins (BMPs), Arginine-
Glycine-Aspartic acid (RGD) peptides, and P15 peptides [13, 16-17] are amongst the most
widely used bioactive molecules to develop biomimetic tissue scaffolds. Although there are
many exciting examples, the lack of knowledge on both the function and the temporal and
spatial distribution of the proteins involved in biological mineralization have largely limited
the successful use of these proteins in tissue engineering. An alternate approach is to
incorporate small peptides within a material matrix that can guide biomineralization. Our
labs are developing genetically engineered peptides that selectively bind to inorganics
(GEPIs). The GEPIs are selected by exposing a pool of random amino acid sequences,
displayed on the surface of a host organism (e.g. bacteriophage or bacteria) [18-19] to a
target inorganic solid substrate and identifying the strongly binding sequences. [20] It has
been shown that GEPIs can bind to solid substrates specifically and significantly influence
the inorganic material formation processes. [21-26]

For many implantable hard materials, regardless of how similar the mechanical and
physiochemical properties of designed scaffold are to the living bone, when clinical
application is considered, the many advantages offered by these materials can be lost if the
scaffold cannot be implanted correctly at the defect site. Poor tissue integration due to
improper apposition at the site of implantation is a major failure mechanism of many tissue
engineering materials. Thus, an in situ forming scaffold, where the three-dimensional matrix
is formed at the defect site, would be advantageous. These materials eliminate the
complications originating from the prefabrication process and improve the physical contact
between the scaffold and the surrounding tissue. These materials can be introduced to the
wound bed in a minimally invasive manner via a syringe. For example, the synthetic
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polymer, poly(methyl methacrylate) (PMMA), is a widely used in situ forming material in
clinical orthopedics. Although PMMA has been shown to be very successful in many
applications, its use, however, is limited due to the exothermic polymerization reaction that
occurs during material formation, usually leading to the necrosis of the surrounding tissue.
[27] Moreover, the non-degradable nature of PMMA poses a risk for foreign body response
and may slow down the healing of the hard tissue. Synthetic polymers, such as
poly(propylene fumarate) [28] and polyanhydride [29], have also been utilized as in situ
forming scaffolds. These polymers are cyto-compatible and, hence, partially eliminate the
risk of foreign body response, but their utility is curtailed due to the highly cross-linked
nature of the network formed, posing limitations in maintaining cell viability. An attractive
alternative for in situ forming tissue scaffolds would be hydrogels formed from self
assembling materials such as amphiphilic peptides or proteins. [30-43] Peptide hydrogels
enable formation of scaffold materials that mechanically resemble the native ECM and can
be formed at the site of implantation without the use of harsh chemical cross-linking agents
or the presence of adverse assembling reactions that can affect the surrounding tissues.

In this work, we describe the development of an in situ forming, self-assembling peptide
hydrogel that is capable of directing the mineralization of calcium phosphate. The peptide,
MDG1 (Mineral Directing Gelator), undergoes triggered intra-molecular folding into a
conformation that subsequently self-assembles to form a fibrillar network where a mineral
directing GEPI sequence is displayed from the fibrils that constitute the gel, Figure 1. The
ability to form three-dimensional networks that carry an inherent functionality makes these
hybrid peptides attractive candidates for use in tissue engineering applications and suitable
models for developing, multifunctional structures for nano-technological applications.

Materials and Methods

Peptide Synthesis and Purification

Peptides were synthesized on RINK amide resin via an automated ABI 433A peptide
synthesizer employing standard Fmoc-protocol and HCTU activation. The resulting resin-
bound peptides were cleaved and side-chain deprotected for 2 hours using a TFA:
thioanisole: ethanedithiol: anisole (90:5:3:2) cocktail. Filtration followed by ether
precipitation yielded crude peptides that were purified by RP-HPLC using a Vydac C18
peptide/protein column.[44] Analytical HPLC profiles and ESI (+) mass spectroscopy
spectrum of the pure peptides are provided in the Supporting Information.

Circular Dichroism

Circular dichroism experiments were performed on a Jasco J-810 spectropolarimeter. Stock
300 uM solutions of each peptide were prepared in chilled pH 7.4, 25 mM Tris buffer. 150
UL of the peptide stock was placed in a 1 mm quartz cell. To the same cell, 150 pL of chilled
pH 7.4, 25 mM Tris buffer containing 48 mM CaCl, and 28.8 mM B-glycerophosphate (-
GP) was added. The quartz cell was gently mixed by cell inversion to yield the final peptide
solution (150 pM peptide, 25 mM Tris, 24 mM CaCl,, and 14.4 mM B-GP). The cell was
immediately placed in the CD cell holder pre-equilibrated at 5°C. Temperature dependent
wavelength spectra were collected every 5°C up to a maximum temperature of 80°C with a
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10 min equilibration time at each temperature. The concentration of the peptide solutions
were determined by UV-Vis absorbance at 220 nm (e = 21263 cm™1 M1 for MDG1 and
cMDG1, & = 15,750 cm~1 M~1 for MAX8). Mean residue ellipticity [0] was calculated from
the equation, [0]= Oops/(L0*1*c*r), where Ogpg is the measured ellipticity (millidegrees), | is
the length of the cell (centimeters), ¢ is the concentration (molar), and r is the number of
residues.

Dynamic Oscillatory Rheology

Oscillatory rheology experiments were performed on a Paar Physica MCR 500 rheometer
using a 25 mm diameter stainless steel parallel plate geometry. For the one hour rheological
measurements, gels were prepared directly on the rheometer plate. To prepare 1 wt%
hydrogels, peptide stock solutions were first prepared in glass vials by dissolving 3.5 mg of
each peptide in 175 pL of chilled pH 7.4, 25 mM Tris buffer. To the stock solution, 175 uL
of chilled Tris buffer (25 mM, pH 7.4) containing 48 mM CaCl, and 28.8 mM -GP was
added. Then, 300 pL of the stock solution was quickly added to the rheometer plate, which
was pre-equilibrated at 5°C. The parallel plate tool was then lowered to a gap height of 0.5
mm and the temperature was ramped linearly to 37°C to initiate gelation. Initially, a
dynamic time sweep was performed to measure the storage (G’) and loss (G”) modulus at a
frequency of 6 rad/sec and 0.2% strain as a function of time for an hour. A dynamic
frequency sweep (0.1 to 100 rad/sec at constant 0.2% strain) was then performed, followed
by a dynamic strain sweep (0.1 to 1000% strain at constant 6 rad/sec) for all samples to
ensure the hydrogels were within the linear viscoelastic regime.

For the 24 hour rheological measurements, gels were made in a 3.5 K molecular weight cut-
off dialysis cassette (Pierce, USA) and then transferred to the rheometer plate for
assessment. Peptide stock solutions were first prepared in glass vials by fully dissolving 6
mg of each peptide in 300 uL of sterile, chilled pH 7.4, 25 mM Tris buffer. To this solution,
300 pL of chilled Tris buffer (25 mM, pH 7.4) containing 48 mM CaCl, and 1.4x1076
mg/mL alkaline phosphatase was then added. Then, 500 pL of the stock solution was
degassed with continuous nitrogen flow and then was quickly added to the dialysis cassette.
Control stock solutions were prepared with Tris CaCl, buffer containing no alkaline
phosphatase. The dialysis cassettes containing the hydrogels were placed in an incubator
equilibrated at 37°C. Two hours after gel preparation, the dialysis cassettes were immersed
in a 500 mL solution of pH 7.4, 25 mM Tris buffer containing 24 mM CaCl, and 14.4 mM
-GP. Hydrogels were placed in an incubator equilibrated at 37°C overnight. After 24 hrs,
the gels were removed from the dialysis cassettes and the gels were transferred to the
rheometer plate, which was equilibrated at 37°C. The parallel plate tool was then lowered to
a gap height of 0.5 mm. A dynamic time sweep was performed for 15 min to ensure G’ and
G” reached a plateau, followed by a dynamic frequency sweep and a dynamic strain sweep
for all samples, with the same parameters as the one hour rheology studies.

Hydrogelation and Solution Mineralization

Mineralization experiments were performed in a 3.5 K molecular weight cut-off dialysis
cassette (Pierce, USA) using an Alkaline Phosphatase (AP) mediated mineralization model
that mimics matrix vesicle mineralization. A mineralization solution was prepared by
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diluting stock solutions of CaCl, and AP to final concentrations of 24 mM and 1.4x1076
mg/mL respectively, in 200 uL of pH 7.4 Tris buffer. 2 mg of peptide was dissolved in this
mineralization solution. The solutions were degassed with continuous nitrogen flow and
injected into the dialysis cassette. The solution was allowed to gelate at 37°C in a humidified
chamber for 2 hours. After gelation was complete, the cassette was immersed into a 14.4
mM B-glycerophosphate solution in the same buffer and allowed to mineralize for an
additional 22 hours. The mineralization took place through the hydrolysis of -
glycerophosphate by the AP entrapped in the gel and the reaction of the released inorganic
phosphate group with the calcium.

An immortalized mouse cementoblast cell line, (OCCM-30), was maintained in DMEM
supplemented with 10% FBS, 100 U/mL penicillin, and 100 pg/mL streptomycin. Cells were
encapsulated within the hydrogel in the following manner. First, MDG1 and MAX8 were
dissolved separately at a concentration of 1wt% in water. Then an equal volume of serum
free DMEM, containing 2x10* OCCM-30 cells, 100pg/mL ascorbic acid and 40 mM B-GP
was added to the peptide solution, resulting in a 0.5wt% hydrogel with 50pg/mL ascorbic
acid and 20 mM B-GP. The mixture was allowed to gel in 96 well plates for 10 minutes at
37°C. DMEM containing 1% FBS was then added on top of the gels. The cells were
cultured in the gels for 9 days and fresh media containing 1%FBS, 50ug/mL ascorbic acid
and 20 mM B-GP was added every other day to the top of the gels.

A SYTO 9/Propidium iodide based live dead assay (Invitrogen, USA), where only the dead
cells are stained with propidium iodide and gave red fluorescence, was used to test the
viability of the cells in the hydrogel. The cells were encapsulated as described below and at
the end of 3 days, a 1:1 mixture of SYTO 9/Propidium iodide was added on top of the gels
and incubated for 30 minutes. The gels were then washed three times with serum free
DMEM and imaged using a TE 300L microscope (Nikon, Japan) with the appropriate filters.
A z-series of 10 images with 35um step sizes were taken and the images were reconstructed
using MetaMorph Imaging System version 6.2 (Photometrics UK Ltd.,UK, formerly
Universal Imaging Co., USA). The viable and the dead cells were counted using ImageJ
image processing software (NIH, USA).

Electron Microscopy Analysis

At the conclusion of the mineralization studies (24 hours for solution mineralization and 9
days for cell culture mineralization), the hydrogels were immersed into liquid nitrogen and
lyophilized. The lyophilized gels were kept desiccated at —20°C until analyzed by
microscopy. For scanning electron microscopy (SEM), the lyophilized gels were placed on a
carbon tape and coated with platinum prior to microscopy. SEM imaging and energy
dispersive spectroscopy (EDS) were performed using a JSM 7000F (JEOL) SEM at 10 kV
in secondary electron imaging mode. For transmission electron microscopy (TEM), the
lyophilized gels were mounted on double folding copper TEM grids. TEM imaging and
electron diffraction were performed using an EMS 420T TEM at 120 kV (FEI, Inc., USA;
formerly Philips, The Netherlands).

Biomaterials. Author manuscript; available in PMC 2014 August 04.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Gungormus et al. Page 6

X-ray Diffraction Analysis

X-ray diffraction (XRD) measurements were performed to identify the final phase of the
mineral deposited on the gels. The gel samples were collected by re-dissolving the
lyophilized gel-mineral composite in distilled water to solubilize the peptide matrix. The
mineral component was isolated by centrifugation. Collected mineral was dried in vacuum at
room temperature prior to the measurements. The measurements were performed on a D8
Focus model diffractometer employing CuK, radiation, 40kV and 40mA. (Bruker, USA).
Data were collected in the range of 20 = 3° to 60° using a 0.05° step size and 1 sec/step scan
speed. The XRD spectra were analyzed using Jade software version 8.5 (Materials Data Inc,
USA)

Results and Discussion

Peptide Material Design

MDG1 is a twenty-seven residue peptide designed to undergo triggered intramolecular
folding and subsequent self-assembly to form a fibillar network affording a mechanically
rigid gel, Figure 1. When dissolved in pH buffered water at low ionic strength, the peptide
remains unfolded due to unfavorable electrostatic interactions between residue side chains.
When a solution containing CaCl, and 3-GP is added, these interactions are screened and the
peptide is able to fold. The N-terminal twenty residues of MDG1 are designed to adopt an
amphiphilic B-hairpin when the peptide folds. This N-terminal portion contains two -
strands connected by a four residue sequence (-VPPPT-) know to adopt a type 11/ f-turn.

[45] The B-strands are composed of alternating hydrophobic and hydrophilic residues that
give the hairpin its amphiphilic character in the folded state. The N-terminal portion of
MDGL1 has been reported in the literature and studied extensively (e.g. MAX8:
VKVKVKVKVPPPTKVEVKVKV-CONH,). [46-47] MAXS hairpins readily self-assemble
affording a fibrillar network where each fibril is composed of a bilayer of hairpins that have
self-assembled laterally via intermolecular hydrogen bond formation along the long axis of a
given fibril, Figure 1. [47-49] Hydrogels formed from MAX8 are mechanically rigid,
viscoelastic materials that are cytocompatible. The C-terminal seven residues of MDG1
(MLPHHGA) were incorporated at the hairpin terminus so that this sequence could be
displayed from the fibril surface and direct mineralization. This small peptide had been
reported in the literature and named HABP1 (MLPHHGA). [50] It was identified via phage
display and had been shown to control calcium phosphate mineral formation in solution.
Specifically, HABP1 slows the mineralization rate and accelerates the transformation of
amorphous calcium phosphate (ACP) into crystalline octacalcium phosphate (OCP) during
mineralization. This results in the formation of elongated, plate-like particles. The full length
peptide, MDG1 should fold and assemble, forming hydrogels capable of directing calcium
phosphate mineralization.

In addition to the MDG1 hydrogel, two control hydrogels were prepared and studied. The
first control gel is formed by the self-assembling peptide, cMDGL1. This peptide is identical
to the parent peptide except that the sequence of the seven C-terminal residues is reversed.
cMDG1 examines the role that sequence specificity and amino acid composition play in
directing mineral deposition. If sequence specific interactions are made between the C-
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terminal sequence of MDGL1 and inorganic species during mineralization, distinct mineral
morphology and type should be observed as compared to mineral deposits formed in
hydrogels comprised of the control peptide (cMDGZ1). If there is little difference in the type
of mineral deposited, this would suggest that sequence-specific interactions are largely not at
play and that non-specific interactions, such as gross electrostatics, may be more important.
This would suggest that amino acid composition, rather than sequence specificity, is the
more relevant design parameter. The second control hydrogel is formed by the peptide
MAXS8, which lacks the mineral-directing portion. This control gel was used to determine if
the fibrillar scaffold alone could direct mineralization. In addition, the MAX8 control was
used to assess what effect adding a C-terminal sequence to an otherwise symmetrical -
hairpin had on peptide folding, self-assembly and the rheological properties of the resultant
hydrogel.

Triggered Folding, Self-Assembly and Hydrogelation

The peptide construct MDG1 was designed to undergo triggered folding and self-assembly
resulting in the formation of a mechanically rigid hydrogel in the presence of CaCl, and -
GP. Mineralization within the gel is possible when alkaline phosphatase is added to cleave
-GP, liberating phosphate, which then paryicipates in the formation of calcium phosphate
mineral. Circular dichroism (CD) spectroscopy was used to follow the folding and
subsequent self-assembly of MDG1 at pH 7.4, 37°C in response to the addition of CaCl, and
B-GP. These salts screen unfavorable electrostatic side chain interactions that normally
inhibit peptide folding. Figure 2a shows wavelength spectra for MDG1, cMDGL1, and
MAXS8 peptide solutions after folding had been initiated. Low concentrations (150 uM) of
peptide were used for the CD studies to limit scattering and aid data acquisition; at this
concentration, the peptides do not form gels but still fold and assemble into soluble -sheet-
rich fibrils whose secondary structure can be easily monitored. All three peptides display
spectra characteristic of B-sheet structure with minima at ~217 nm. The spectra of MDG1
and cMDGL1 are nearly identical indicating that the manner in which the GEPI, mineral-
directing sequence is attached is inconsequential with respect to the ability of the hairpin
portion to fold and assemble. Also evident is that the absolute value of the mean residue
ellipticity at 217 nm for the MAX8 control peptide is greater. This indicates that the seven
C-terminal residues of MDG1 and cMDGL1 do not contribute to the B-sheet signal. Previous
CD studies of the heptapeptide (MLPHHGA) alone indicate that this peptide exists in an
equilibrium of polyproline and random coil conformations.[50] Taken together, the CD data
suggests that MDG1 and cMDGL1 fold, affording hairpins that assemble into -sheet rich
fibrils that display structurally flexible mineral-directing motifs as depicted in Figure 1.

Figure 2b shows dynamic oscillatory shear rheology time sweep experiments that monitor
the evolution of the storage modulus (G’, a measure of a material’s elastic response to
applied stain) after peptide folding, self-assembly and subsequent hydrogelation has been
triggered. Rheology of the three peptides was performed at a peptide concentration of 1 wt
% at pH 7.4 in 25 mM Tris buffer containing 24 mM CaCl, and 14.4 mM B-GP at 37°C.
Both MDG1 and cMDG1 form viscoelastic hydrogels within the first ten minutes of the
experiment ultimately yielding gels with storage moduli of 510 + 10 Pa and 590 + 100 Pa,
respectively after one hour. In comparison, the control peptide MAX8 lacking any C-
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terminal extension forms a much more rigid gel, more quickly, with a modulus of 1650 +
150 Pa after one hour. Taken together, this data suggests that the C-terminal extensions of
MDG1 and cMDG1 decrease the rate of hydrogelation and reduce the mechanical rigidity of
their respective hydrogels. The experiments in Figure 2b involve forming the gels in situ
directly in the rheometer and the gels are allowed to cure for only one hour. Interestingly,
when MDG1 and cMDG1 gels are incubated at 37°C for 24 h, their rigidities increase to
nearly 2500 Pa. Figure 2c shows frequency sweep data taken at 24 h; G’ values for MDG1
and cMDGL1 have increased to 2400 + 300 Pa and 2700 + 100 Pa at a frequency of 6 rad/sec,
respectively and are an order of magnitude greater than the loss modulus (G”).

Biomineralization

The ability of the MDG1 hydrogel to promote and direct mineralization was probed by
rheology, quantitative mineral load assessment, spectroscopy, microscopy and diffraction
experiments. In the biomineralization experiments we used an enzyme-mediated
mineralization model to mimic vertebrate biomineralization, where AP controls calcium
phosphate formation by hydrolyzing organophosphate groups releasing inorganic phosphate.
Here, therefore, our model consists of AP entrapped within the hydrogel in the presence of
B-GP. Hydrogels used in the mineralization studies were prepared employing a dialysis
cassette. Hydrogels were formed by initiating gelation with a solution of CaCl, containing
alkaline phosphatase directly in the cassette. Gelation was allowed to proceed over two
hours and then the cassette was immersed in a bath that contained a buffered (pH 7.4)
solution of B-GP and CaCl,. Mineralization occurred as the B-GP diffused into the cassette
and was cleaved by the enzyme. For all the peptide gels (MDG1, cMDG1 and MAXS8), as
mineralization takes place, the initially optically clear gels become opaque. No
mineralization was observed in the immersion buffer indicating that all the calcium
phosphate deposition took place within the hydrogel. Figure 3a shows rheological data
comparing mineralized and non-mineralized gels formed under identical conditions. The
mechanical rigidity of MDG1 gels increased slightly after 24 h of mineralization. In
comparison, the rigidities of both control peptides were affected little by the mineralization
process. The measured mineral loads within each of the gels (Figure 3b) show a similar
trend. The MDG1 gel accommodates a slightly higher load than the control gels. The data in
Figure 3 indicate that all three peptide gels are capable of supporting mineralization and that
the C-terminal, mineral-directing attachment has no effect on gross mineralization.

Next, studies were performed to assess whether or not the mineral-directing peptide
attachment could control the crystal morphology and the phase of the deposited calcium
phosphate mineral. Scanning electron microscopy (SEM) images of lyophilized peptide
hydrogels after mineralization are displayed in Figure 4a-f. With the understanding that the
lyophilization treatment can influence material morphology, a highly porous structure with
10-15 um pore sizes was the governing morphology observed for the MDG1, cMDG1 and
MAX8 hydrogel networks. Energy dispersive spectroscopy (EDS) analysis reveals that
calcium phosphate mineralization took place in all three gels (Figure 4a,c,e - insets). As
expected, no calcium or phosphate was observed in the non-mineralized gels (data not
shown). At higher magnification, morphological differences in the deposited mineral on
MDG1 become evident, appearing more crystalline (Figure 4b), suggesting that the C-
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terminal appendage (MLPHHGA) may be influencing mineral morphology. In contrast, a
poorly crystalline mineral film was observed on the control cMDG1 and MAX8 hydrogels
(Figure 4d and f). Transmission electron microscopy (TEM) analysis further supports this
assertion and shows distinct differences in the crystallinity of the deposited minerals within
each of the peptide hydrogels, Figure 5. Mineral deposited within the MDGL1 gel was highly
crystalline and elongated, resembling biological apatite. The average length of these crystals
was 100 nm with an approximate aspect ratio of between 1:10 — 1:20. Selected ara electron
diffraction analysis confirmed the crystallinity of the particles. The mineral deposited within
MDG1 showed a sharp 002 diffraction peak, indicating the thin plate-like nature of the
crystals, and a broad diffraction band containing the 211, 112, and 300 triple diffraction
peaks, which are characteristic to biological apatite. (Figure 5a - inset). Few individual
particles were observed on the cMDG1 gel, which includes the reversed mineral-directing
sequence, (Figure 5b). In addition, the poor quality of these crystals resulted in highly
diffused electron scattering (Figure 5b — inset). Lastly, no individual particles were observed
on the MAX8 gels, consistent with the the fact that the mineral-directing sequence was not
present.

Identification of the final calcium phosphate phase is often difficult by electron diffraction
analysis alone because of the similar crystal structure of octacalcium phosphate (OCP) and
hydroxyapatite (HA). One of the key diffraction effect, i.e., the characteristic OCP ring that
corresponds to (100) (d = 18.6A), is usually masked by the transmitted beam in the electron
diffraction pattern. Therefore, X-ray diffraction (XRD) measurements were performed in
addition to electron diffraction analysis to eliminate these uncertainties in pahe
identification. The results obtained from the XRD analyses were consistent with the
morphological observations and the electron diffraction analyses obtained by TEM. The
XRD pattern of the mineral deposited on MDG1 consisted of numerous sharp peaks
indicative of crystalline HA, Figure 6. The major peaks were observed at 20 = 31.8° (d =
2.81A) and 32.1° (d = 2.78A) corresponding to (211) and (300) planes, respectively. In
comparison, the mineral deposited on the MAX8 control yielded only a weak and broad
peak at 20 = 31.8° (d = 2.81A) indicating a small amount of poorly crystalline HA. For both
MDG1 and MAXS8 gels, diffraction peaks corresponding to other crystalline phases were not
observed. Taken together, the microscopy and the diffraction studies suggest that the fibril
network alone can accommodate mineralization. However, the mineral-directing attachment
can influence the morphology of the deposited mineral. In addition, the data also indicates
that the peptide attachment must be displayed from the fibrils with sequence fidelity,
suggesting that, here, sequence-specific interactions with mineral components are being
made to direct mineralization.

Cell Viability and Mineralization

The response of cells to the MDG1 matrix was assessed by monitoring mineralization
induced by encapsulated cementoblasts. Cells were directly embedded in a 0.5 wt% MDG1
hydrogel by initiating peptide folding and self-assembly in the presence of cells (see
Experimental Section). In this experiment, the DMEM media contained calcium and p-GP;
viable cells should produce and secrete alkaline phosphatase to drive mineralization if the
MDG1 hydrogel is cytocompatible. Upon 3 days of post encapsulation, cell viability assay
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shows that encapsulated cementoblasts were viable in the MDG1 matrix with 597 + 25 live
cells versus 157 + 12 dead cells per 7.5 x 10-5cm? (Figure 7a). After 9 days of culture in the
mineralizing conditions, SEM analysis indicates that the cells were capable of mineralizing
the MDGL1 fibril network. The energy dispersive x-ray spectroscopy (EDS) results show
clearly observable calcium-phosphate peaks. The mineral deposited on the MDG1 fibrils
appeared homogenous in its consistency in contrast to the characteristic large, isolated
mineral nodules observed when cementoblasts are cultured on a 2D tissue culture plate in
the absence of gel, Figure S1a. The mineral morphology, observed in the MDGL1 hydrogels,
is consistent with that produced by cementoblast cultures in 2D in the presence of the
mineral directing sequence (MLPHHGA) alone, Figure S1b. Previous studies show that this
small sequence decreases the rate of mineralization resulting in a slow nucleation favored
regime resulting in a homogeneous deposition of mineral instead of the rapid growth of
isolated mineral nodules. [50] The data indicate the mineral directing sequence can also
function when directly appended to a material scaffold and does not affect the ability of
cementoblasts to produce alkaline phosphatase which, in turn, directs mineralization.

Conclusion

In this study, we have designed, synthesized and studied the mineralization potential of a
peptide-based hydrogel. The peptide, MDG1, undergoes triggered folding to form an
unsymmetrical B-hairpin that self-assembles in response to an increase in solution ionic
strength to yield a mechanically rigid, self supporting hydrogel. The C-terminal portion of
MDG1 contains a heptapeptide capable of directing the mineralization process of calcium
and phosphate to produce hydroxyapatite. The ability to form well defined three-
dimensional networks that carry an inherent functionality makes these hybrid peptides
attractive candidates for use in tissue engineering applications and ideal models for
developing, multifunctional structures for nano-technological applications.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Schematic representation of the folding, self assembly, and resultant hydrogelation of

MDG1, cMDG1, and MAX8 peptides. Sequences of the three peptides are shown.
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Figure 2.

(a) CD wavelength spectra of 150 pM of MDG1, cMDG1, and MAX8 in pH 7.4 Tris-HCI
buffer, 24 mM CacCls, and 14.4 mM B-glycerophosphate at 37°C. (b) Dynamic oscillatory
rheology of 1 wt% peptides in pH 7.4 Tris-HCI buffer, 24 mM CaCl,, and 14.4 mM §-
glycerophosphate formed at 37°C. (c) Dynamic frequency sweep of 1 wt% peptides after 24
hr incubation at 37°C. Hydrogels are prepared with pH 7.4 Tris-HCI buffer containing 24
mM CacCl,, directly in a dialysis cassette that is then incubated for 2 hr at 37°C. The cassette
is then immersed in a pH 7.4 Tris-HCI buffer containing 24 mM CaCl, and 14.4 mM f-
glycerophosphate for an additional 22 hr at 37°C.
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(a) Average storage modulus values (6 rad/sec) of 1 wt% gels after 24 hr incubation at 37°C
in the absence or presence of alkaline phosphatase, which was used to promote
mineraliztion. (b) Mineral load of the gels after 24 hours of mineralization.
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Figure 4.
SEM micrographs and corresponding EDS spectra of lyophilized MDG1 (a), cMDGL1 (c),

and MAXS8 (e) gels after 24 hr mineralization. The morphological differences among the
deposited minerals are observable at higher magnifications in panels b, d and f, respectively.
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a MDG1

Figure 5.
TEM micrographs and the corresponding electron diffraction pattern (insets) of lyophilized

MDG1 (a), cMDGL1 (b), and MAX8 (c) gels after 24 hr mineralization.
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Figure 6.
XRD patterns of mineral deposited on MDG1 and MAX8 hydrogels.
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Figure 7.
(a) Live/dead cytotoxicity assay on cementoblast cells 3 days after encapsulation into the

MDG1 matrix. Viable cells fluoresce green and the dead cells fluoresce red. (b) SEM
micrographs of the MDG1 matrix mineralized by cementoblasts after 9 days. The inset
shows the corresponding EDS.
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